[12] R. List, and J. R. Gillespie, "Evolution of raindrop spectra with collision-induced breakup," J. [3] . Fig. 3 is a schematic superposition of the spectra of all the parameters of interest here including the reflection and emission properties of the ocean's surface which are the subject of this paper. The ordinate is the partial derivative of the upwelling brightness temperature with respect to the parameter of interest aTBIaPi, expressed in arbitrary units. The polarity has been chosen to make the effect positive where it is important. The frequencies of the SMMR are marked with the arrows. One can see that these are well-chosen frequencies for sorting out these effects. There is also some information content in the polarization of the brightness temperatures but that is not so easily displayed; it is, however, implicitly exploited in schemes to retrieve the various parameters from the brightness temperature measurements [2] , [41- [6] . Simulations based on these retrieval schemes and measured performance of the SMMR instrument [41 - [6] indicate that an rms measurement accuracy of 1.50C is attainable for the sea surface temperature.
The lowest frequency, 6.6 GHz, is used in this retrieval thus the spatial resolution is limited to roughly 150 km. Similarly, the surface wind speed can be extracted from the measurements to roughly 1 m/s accuracy. The lowest frequency used for estimating surface wind speed is 10.7 GHz, so approximately 90-kln spatial resolution is attained. Atmospheric water can be retrieved with a spatial resolution of 60 km and an accuracy of 0.15 g/cm2 and 4 mg/cm2 for the vapor and liquid phases, respectively.
In the various discussions [2] , [4] - [6] of the retrieval schemes, it is obvious that the major uncertainty in the required modeling is the effect of the wind on the microwave emissivity of the ocean's surface. All the other elements of the modeling are based on laboratory measurements and wellestablished applications of the theory of electromagnetic radiation. The purpose of this paper is to document the model used in the version of the retrieval algorithm [6] used at launch of the two spacecraft, to justify the use of this, and to examine its limitations. For sake of readability, the model will be presented first without justification and then compared with observations.
II. THE MODEL It is a straightforward problem to calculate the emissivity of a smooth water surface. The dielectric properties of sea water and saline solutions have been discussed by many authors [7] - [9] . We will use values derived from the Lane and Saxton [7] measurements and expressed in an analytic form by Chang and Wilheit [2] . The formalism for calculating the emissivity for a given view angle and polarization is the so-called Fresnel relations [10] . The resulting emissivity as a function of view angle is shown in Fig. 4 
To calculate a rough surface emissivity from this slope distribution, one simply averages the Fresnel relations [10] over the distribution of surface slopes, taking care to treat polarization properly and to account for the projection of the facet in the view direction. In doing so, one implicitly ignores surface curvature and all structure comparable to a wavelength and thereby reduces the problem to geometric optics. This is similar to the Stogryn [ 13] calculation but derived in a simpler manner by making physical approximation before getting into the mathematics of the problem. The comparison with observations which follow will demonstrate that this is a surprisingly good approximation.
Wind also creates foam on the ocean's surface. Nordberg et al. [14] found a linear increase in brightness temperature with wind speed whenever the wind speed exceeded 7 m/s. They were viewing directly at the nadir, which essentially eliminates the roughness effect, leaving foam as the most reasonable explanation. In our model, we will treat foam as partially obscuring the surface in a manner independent of polarization. A nonreflecting material partially covering the surface would have this property as would an absorbing but partially transparent medium with the same temperature as the water. Either description alone would be inadequate, but a combination of the two descriptions would be closer to reality. The degree to which foam obscures the surface is frequency dependent and proportional to the amount by which the wind speed exceeds 7 m/s. A reasonable approximation to the available observations [17] , [18] of the fraction K, by which the surface reflectivity is reduced by foam, is K _ a(l -e-flfo )(w -7 m/s), w > 7 m/s K= 0, w < 7 m/s (6) where f is the frequency, a = 0.006 s/m, and fo = 7.5 GHz. (7) Here TH(O) is the horizontal brightness temperature at an angle 0 and RH(O) is the horizontally polarized reflectivity. Tv(0) and Rv(0) refer similarly to vertical polarization. Note that because FT1 (0) is the ratio of two reflectivities, it is independent of foam cover and thus provides a measurement of surface roughening. The data from the electrically scanned microwave radiometer (ESMR) on Nimbus-6 (37 GHz, 50°v iew angle) have been so analyzed and compared with wind speeds derived from the operational data buoys [15] . A summary of this comparison is given in Fig. 5 . The plotted data are for the most part, averages of many observations; a total of 264 observations are represented. In analyzing the data, it was found that a value of 285 K for T, worked best, but that the improvement over any value in the range 280 K-290 K was only marginal. Using the model described in the previous section, the expected value of F285 has been calculated: the agreement with the observations is striking. A geometric optics model using the Cox and Munk sea surface slope distribution works extremely well at a wavelength of 0.8 cm and a view angle of 500, Hollinger [16] has made observations from a fixed platform at frequencies of 1.4, 8.36, and 1934 GHz. He has filtered the data to remove most of the foam effect, but application of an analysis technique similar to that applied to the Nimbus-6 ESMR data certainly removes the remainder. These data can be interpreted in terms of the geo- Fig. 6 . The Hollinger data are consistent with these roughness fractions for all view angles between 0 and 55°. The Nimbus-6 ESMR [15] result is also shown in Fig. 6 . These data form a picture consistent with the roughness required in (5) (shown as a solid line). The data of Cox and Munk [12] also suggested some anisotropy. That is, they found somewhat different upwind, downwind, and crosswind slope distributions. In the analysis of the Nimbus-6 ESMR data [15] , a search was made for this anisotropy and it was not found in the microwave data. It was determined that the upper limit for anisotropy in the roughening was equivalent to 2 m/s wind. We have, therefore, used the isotropic approximation also presented by Cox and Munk [12].
The primary available observations relevant to the effect of foam on surface emissivity are from the Bering Sea expedition (BESEX) [17] and from Cosmos 243 [18] . These results along with a plot of aKlaW are given in Fig. 7 . The observations are difficult but nevertheless show reasonable self-consistency except possibly for the one BESEX point at 37 GHz.
IV. LIMITATIONS OF THE MODEL There are two obvious limitations to this model, the lack of physical optics effects and the simplistic treatment of foam. If one calculates the nadir emissivity of the surface according to the present geometric-optics model there is substantially no change in emissivity through the entire 0-7 m/s wind speed range. Blume et al. [18] have published the observations in u - [20] has investigated the properties of gelatin-stabilized bubble rafts under laboratory conditions. His results suggest that the increase of emissivity caused by foam is caused by the distortion of the meniscus at the foam-water interface which provides a gradual transition from the dielectric constant of air to that of water. His results with bubble rafts on an aluminum surface suggest that in the bulk of the foam the imaginary part of the index of refraction is on the order of 1 (1 -Efoam)( l -Evater) (10) L~~~v( L-wEater (0 In Fig. 10 Fig. 9 are observed in Fig. 10 and must be similarly discounted. Nevertheless errors of about 0.05 in the vertical emissivity would be expected even for 100-percent foam cover (wind speed greater than 170 m/s). The sign of the error is such that the true emissivity in vertical polarization is somewhat greater than (10) would suggest.
V. CONCLUSION A model has been presented for the microwave emissivity of a wind-roughened foam-covered ocean. The roughness portion of the description is remarkably consistent with observations; the foam effects show somewhat more scatter. The strength of the foam-cover effect at 6.6 and 10.7 GHz are important parameters in the interpretation of Nimbus-7 and Seasat SMMR data; the strength at higher frequencies less so. In comparing the space observations with surface measurements of temperature and wind speed, it should be possible to adjust the foam effect at these two frequencies in order to refine the retrieval algorithm.
